Abstract The occurrence of Cryptosporidium in raw waters and bromate formation during ozonation of bromide-containing waters leads to a difficult optimisation of ozonation processes. On the one hand inactivation of Cryptosporidium requires high ozone exposures, on the other hand under these conditions bromate formation is favored. In order to overcome this problem we need information about (i) the oxidant concentrations (ozone and OH radicals) during an ozonation process, (ii) kinetics of the inactivation of Cryptosporidium, (iii) kinetics and mechanism of bromate formation, and (iv) the reactor hydraulics. The strong temperature dependence of the inactivation of Cryptosporidium which results in a higher ozone exposure (time-integrated action of ozone) at low temperatures makes it more difficult to fulfil disinfection and bromate standards at low temperatures. Under these conditions control options for bromate formation can be applied. Depression of pH and addition of ammonia have been selected to be the best options. For a given ozone exposure both measures lead to a reduction of bromate formation in the order of 50%.
Introduction
Ozone based drinking water treatment technologies are used for disinfection and oxidation processes ( Figure 1 ). Whereas disinfection occurs mainly via molecular ozone, oxidation is based on molecular ozone and OH radicals which are formed from ozone decomposition. For compounds which can be oxidised by molecular ozone, disinfection and oxidation can be optimised simultaneously by increasing the ozone dosage. If ozone-resistant compounds have to be oxidised, it is necessary to shift the process from ozone to OH radicals (e.g. by application of advanced oxidation) which means that disinfection is no longer guaranteed on the same level. A careful optimisation of the overall process is required in this case.
According to Figure 1 the two desired effects of ozonation (disinfection and oxidation) are confronted by the formation of undesired disinfection by-products (mainly bromate) Figure 1 Main features for optimisation of ozonation processes which are formed from both ozone and OH radical reactions. Under "normal" treatment conditions the optimisation of the main issues (disinfection, oxidation, minimisation of bromate) can be achieved if we have indications of the oxidant concentrations during the ozonation process.
With the appearance of the Cryptosporidium problem the optimisation has to be pushed to the limit because inactivation requires very high ozone exposures. For the optimisation procedure the following information is needed: (i) concentration of ozone and OH radicals during the ozonation process, (ii) bromate formation mechanism to elucidate possible control options, (iii) kinetics of Cryptosporidium inactivation and (iv) reactor hydraulics. (i) The concentration of ozone and OH radicals during an ozonation process depends on the ozone dosage and the water quality. Ozone is unstable in water and is transformed into secondary oxidants, mainly OH radicals Hoigné, 1985, Hoigné, 1998) . This process occurs via a complicated reaction mechanism which includes mainly reactions of OH radicals with NOM (natural organic matter) and carbonate/bicarbonate. Since the behavior of NOM towards ozone is not predictable by simple means, we have developed an experimental method to assess ozonation processes with respect to their oxidation capacity (oxidation by ozone and OH radicals) in natural waters (Elovitz and von Gunten, 1999) . Molecular ozone can be measured directly by a variety of methods (colorimetry, amperometry, etc.) . Because of the enormous reactivity of OH radicals and the resulting extremely low steady-state concentrations they have to be estimated indirectly by their reaction with a probe compound. We have selected para-chlorobenzoic acid (pCBA) because it reacts fast with OH radicals and does not react with molecular ozone. The decrease of pCBA is a measure for the overall action of OH radicals in a particular water. As a result from the ozone decay curve and the decrease of pCBA we get the R ct value which is a measure for the ratio of the concentrations of OH radicals and ozone (Elovitz and von Gunten, 1999) . Therefore, if we know the ozone concentration during an ozonation of a particular water we can directly calculate the transient steady state concentration of OH radicals. (ii) Bromate formation during ozonation of bromide-containing waters became an issue for drinking water production ever since it was declared as a potential carcinogen (WHO, 1993) . In most industrialised countries including the EU, the USA and Switzerland, drinking water standards for bromate have been set to 10 µg/L (EU, 1998; Adapted from (von Gunten and Hoigné, 1996) USEPA, 1994; CH, 1999) Bromate is formed by a complicated mechanism including both reactions with molecular ozone and with OH radicals (von Gunten and Hoigné, 1994; von Gunten and Oliveras, 1998) . The key reactions leading to bromate formation are shown in Figure 2 . Ozone is important for the oxidation of bromide to hypobromous acid (HOBr); its further oxidation occurs mostly through OH radicals. In the pH range of drinking waters (6-8), HOBr is mostly present in its protonated form which is not oxidised by ozone. The deprotonated form (hypobromite, OBr -) can be oxidised by ozone, however, usually it is present in too small concentrations to contribute significantly to the bromate formation kinetics. The rate of oxidation of HOBr or OBr -by OH radicals is similar and, therefore, the speciation is not important for this reaction. The resulting BrO . radical disproportionates and leads to the formation of bromite (BrO 2 -) which is then quickly further oxidised by ozone to bromate (BrO 3 -). According to the reaction scheme shown in Figure 2 there are several options to minimise bromate formation. The main control options are proposed on the level of HOBr because the first oxidation step from bromide to hypobromous acid can not be influenced by any measures: 1. A pH depression can influence bromate formation on two levels, (a) shift of HOBr/OBrequilibrium to HOBr to prevent the further oxidation by ozone and (b) decrease of the rate of OH radical formation from ozone decomposition which results in a decrease of the rate of the oxidation of HOBr. 2. Because ammonia reacts quickly with HOBr but not with ozone, ammonia can be added to the water to selectively scavenge HOBr under formation of bromamin (NH 2 Br). The overall ozonation process is not affected by this procedure. Bromamin is further oxidised to nitrate and recycles bromide. 3. The addition of hydrogen peroxide (H 2 O 2 ) also scavenges HOBr under recycling of bromide (von Gunten and Oliveras, 1997). However, the addition of H 2 O 2 also accelerates ozone transformation into OH radicals (Staehelin and Hoigné, 1982) and therefore shifts the mechanism towards OH radical oxidation of bromide. At lower pH values the rate of the H 2 O 2 -induced transformation of ozone into OH radicals is relatively small. However, even at pH values of around 6, it can still be substantial and out-compete the beneficial effects of HOBr reduction by H 2 O 2 .
In conclusion, bromate control during ozonation of bromide-containing waters can only occur by pH depression or by ammonia addition. (iii) For the disinfection of "conventional" microorganisms such as E. coli the required ozone exposure is not a critical factor, since these organisms react very quickly with ozone (Hunt and Mariñas, 1997) . However, for more resistant pathogenic organisms, in particular Cryptosporidium parvum (C. parvum), high ozone exposures may be required for an inactivation by 2-3 log units. Such an inactivation is typically strived for in drinking waters which are subject to Cryptosporidium problems. Up to now Cryptosporidium inactivation was based on CT-values which gave an indication about the ozone-CT required to achieve a certain inactivation factor. Recently, new kinetic parameters for inactivation have been available which allow dynamic calculations of Cryptosporidium inactivation (Rennecker et al., 1997; 2000) . Because of the strong temperature dependence of the inactivation some studies give values for activation energies which are within the range or above typical molecular ozone reactions (Rennecker et al., 1997) . Table 1 summarises some rate constants for molecular ozone reactions for chemical compounds and for the inactivation of microorganisms together with activation energies. The rate constants for inactivation of E. coli and Cryptosporidium can be compared to typical values for molecular ozone reactions. Compared to chemical oxidation reactions, E. coli is at the upper end of the rate constants, whereas C. parvum is still fast and in the same order of magnitude as the oxidation of phenol. The inactivation of Cryptosporidium muris occurs with a similar rate constant as the oxidation of bromide. The big variation of rate constants for oxidation and disinfection processes is an expression of the high selectivity of molecular ozone. The activation energy for disinfection of E. coli is within the range of typical ozone reactions, however, for Cryptosporidium it is either at the upper end or even above values typical for molecular ozone reactions. Especially at low temperatures this has consequences for Cryptosporidium inactivation under bromate-limiting conditions. (iv) To scale-up laboratory batch experiments to full-scale systems, kinetic aspects of oxidation and disinfection have to be combined with reactor hydraulics. For small turnovers as usually observed in oxidation processes the reactor hydraulics do not play a decisive role. However, for disinfection where a removal over several log-units is required, it becomes decisive. It has been shown previously that it is possible to combine reaction kinetics with the hydraulics of real reactor systems to predict oxidation processes in full-scale systems .
Materials and methods
All the chemicals used were of the purest available quality. The natural water samples were collected and sent to the laboratory in cooling containers, after filtration (0.45 µm) they were stored at 4ºC until used. All methods used are described in detail elsewhere (see references). A concentrated ozone stock solution was prepared (1 mM) from ozone-containing oxygen and injected into the waters in which bromate formation was studied (von Gunten and Hoigné, 1994) . For kinetic experiments samples were collected after certain time intervals and quenched by an indigo solution which allowed measurement of the residual concentration of ozone (Bader and Hoigné, 1981) . Para-chlorobenzoic acid (pCBA) was measured by HPLC with UV detection (Elovitz and von Gunten, 1999) . Bromide and bromate were measured by ion chromatography by combination of conductivity detection (bromide) and UV detection after postcolumn reaction (bromate) (Salhi and von Gunten, 1999) .
Results and discussion
Bromate formation was studied under Cryptosporidium inactivation conditions. To study bromate formation under realistic conditions all the experiments were performed in river Seine water. To elucidate the major control options we concentrated on pH depression and ammonia addition and used the highest bromide concentrations which can be observed throughout the year (60 µg/L) in river Seine water. Figure 3 shows the effect of pH depression on bromate formation in Seine water. For all three pH values (6, 7, 8) the initial bromate formation was similar. During the initial phase of ozonation bromate is mainly formed through the direct OH radical pathway via the intermediate Br. radical. This pathway is independent of pH which is reflected by the similar bromate formation rate. During the secondary phase of the ozonation process the rate of bromate formation decreases with decreasing pH. The molecular ozone oxidation of HOBr/OBr -is not the dominant pathway at pH 6-8. Therefore, the major influence of a pH depression results from a lower ratio of the concentrations of OH radicals and ozone. For a given ozone exposure, the OH radical exposure is therefore much higher at a higher pH. This increase in the overall oxidation capacity leads to a higher bromate formation. At an ozone exposure of 10 mg/L3min the bromate concentration can be lowered from 9 to 6 µg/L if the pH is decreased from 8 to 7 and to 4 µg/L for a decrease to pH 6. Therefore, the same degree of disinfection can be achieved at lower pH without producing too high bromate concentrations.
With the addition of ammonia a similar decrease of bromate formation can be achieved. Usually, there is a maximum ammonia concentration above which bromate formation can not be further reduced. For the water shown in Figure 3 this concentration of ammonia lies in the order of 200 µg/L. Again the bromate formation during the initial phase can not be reduced by addition of ammonia. This is an independent indication for the importance of the OH radical mechanism during this phase of the ozonation process.
The influence of temperature on bromate formation has also been studied. Compared to pH and ammonia, changes in the temperature have a relatively small effect. This shows again the importance of OH radical reactions for which the activation energies and the temperature dependencies are small. As shown in Table 1 and discussed above, the inactivation of C. parvum by ozone is highly susceptible to temperature changes since the activation energy is very high. In Figure 4 the temperature dependence of the calculated inactivation of C. parvum (2-log removal) and bromate formation for the same ozone exposure are shown. Figure 4 it is evident that the main problems can be expected at low temperatures, because the required ozone exposure increases quickly whereas the rate of bromate formation only decreases slowly if the temperature drops. Figure 4 shows an example of a river water with only 60 µg/L of bromide. For higher initial bromide concentrations even a higher bromate production can be expected. The effect of pH depression is also shown in Figure  4 for a temperature of 10ºC. By decreasing the pH from 8 to 7, bromate can be reduced by 40%; if the pH is lowered to 6 it can be reduced to roughly 30% of the initial bromate concentration observed under the same ozone exposure. For ammonia addition the effects are in the same order of magnitude, resulting in a maximum decrease of bromate by 50% .
Conclusions
Cryptosporidium inactivation and minimisation of bromate formation are two opposing goals during drinking water ozonation. Therefore, a careful optimisation of the ozonation process has to be carried out. It includes the knowledge of oxidant concentrations, kinetics of Cryptosporidium inactivation, kinetics and mechanism of bromate formation and knowledge of the reactor hydraulics. A comparison of Cryptosporidium parvum inactivation with bromate formation shows that the main problems occur at low temperatures. Under these conditions high ozone exposures are required for inactivation of Cryptosporidium parvum which results in a high bromate formation. To overcome this problem we suggest to apply pH depression or ammonia addition as control options to minimise bromate. Both measures if applied correctly lead to a similar reduction of bromate in the order of 50%.
